The use of fiber, interphase, CVI SiC minicomposites as structural elements for 2D-woven SiC fiber reinforced chemically vapor infiltrated (CVI) SiC matrix composites is demonstrated to be a viable approach to model the elastic modulus of these composite systems when tensile loaded in an orthogonal direction. The 0 o (loading direction) and 90 o (perpendicular to loading direction) oriented minicomposites as well as the open porosity and excess SiC associated with CVI SiC composites were all modeled as parallel elements using simple Rule of Mixtures techniques. Excellent agreement for a variety of 2D woven Hi-Nicalon TM fiber-reinforced and Sylramic-iBN reinforced CVI SiC matrix composites that differed in numbers of plies, constituent content, thickness, density, and number of woven tows in either direction (i.e, balanced weaves versus unbalanced weaves) was achieved. It was found that elastic modulus was not only dependent on constituent content, but also the degree to which 90 o minicomposites carried load. This depended on the degree of interaction between 90 o and 0 o minicomposites which was quantified to some extent by composite density. The relationships developed here for elastic modulus only necessitated the knowledge of the fractional contents of fiber, interphase and CVI SiC as well as the tow size and shape. It was concluded that such relationships are fairly robust for orthogonally loaded 2D woven CVI SiC composite system and can be implemented by ceramic matrix composite component modelers and designers for modeling the local stiffness in simple or complex parts fabricated with variable constituent contents. class of materials for a variety of high temperature air-breathing, space, and nuclear applications [1] . Future SiC/SiC components will possess rather complex shapes requiring various architectures, differences in local thickness, and local curvature, which may also lead to processing non-uniformities throughout a given component. Needless to say, in order to design with such materials, the effect of geometry, fiber-orientation, architecture, and constituent properties and content on stress-strain response needs to be well understood. The first and the foremost property required for component design is the effect of these factors on tensile elastic modulus. A significant amount of work has been performed towards understanding the mechanical properties of 2D [2-8] and 3D [5] woven CVI SiC matrix composites primarily with regard to the occurrence of non-linear stress-strain behavior due to matrix cracking. However, little has been done to quantify the elastic properties of these composites as a function of architecture, constituent properties, and constituent content. Therefore, the objective of this study was to determine relationships for the elastic modulus of 0/90 2D woven CVI SiC composites in the orthogonal directions for a wide variety of composite parameters by carefully accounting for all those parameters. The parameters included architectural variations, which included composite thickness, number of plies, balanced and unbalanced weaves, and tow size, and constituent variations, which included fiber-type, interphase composition, and constituent contents. In a companion paper [9], the effects of these same architectural and compositional parameters on matrix cracking were studied.
INTRODUCTION
Woven silicon carbide fiber reinforced silicon carbide matrix composites with matrices fabricated by the chemical vapor infiltration route represent a very important specimens, consisting of eight plies, were infiltrated to less than " full" matrix content (~ 50%) and not subjected to final CVI SiC infiltration. The open porosity in these low density matrices was filled with epoxy [10] (Figure 1b ) for subsequent mechanical testing. In other studies, this fiber-interphase-CVI SiC " preform" makes up the skeleton of higher density composites where the open porosities are filled by SiC slurry and meltinfiltrated silicon composites [11] . However, for the purpose of this study they represent a very low CVI SiC content composite since the epoxy carries negligible mechanical loads. The third set of specimens were " thin panels" that consisted of one, two, or three plies that had delaminated from a multilayer woven SiC fiber, carbon fiber preform during CVI SiC infiltration [12] (Figure 1c ). Even though these specimens were the product of delamination, the delamination occurred early in processing, so that cracking of CVI the SiC matrix was not observed in polished as-produced specimens. Table I , constituent variations included the woven fiber-type and interphase composition. Composites were fabricated with Hi-Nicalon TM (HN) fibers (Nippon Carbon, Japan) woven at 6.7 tow ends per cm as a balanced five-harness satin or eight-harness satin weave or Sylramic-iBN fibers (Dow Corning, Midland, MI with a special NASA treatment [13] ) woven into balanced (7.9 epcm) or unbalanced (9.4 epcm x 5.5 epcm) five-harness satin pieces of cloth. Fiber-preforms were either infiltrated with C or BN as the interphase. Specimens were machined as dog-bone specimens or straightsided specimens, Table I identifies the specimen geometry of each specimen.
As indicated in
The constituent content was determined for each individual specimen from the mass of the specimens and relative weight gain information obtained from the composite manufacturer. This was necessary because CVI SiC content varies across a panel and some of the specimens were further densified after specimen machining. First, the mass of the as-processed and as-cut specimen was determined * . The dimensions were measured for each specimen shape to determine the specimen volume. The density was 4 determined for each specimen from the mass and specimen volume. The average total fiber volume fraction was determined from the fiber tow and weave properties as follows:
where N ply is the number of woven plies, N f is the number of fibers per tow (500 for Hi-Nicalon and 800 for Sylramic-iBN), R f is the average fiber radius (0.00685  m for Hi-Nicalon and 0.005  m for Syl-iBN as measured from polished cross-sections of several composites), t is the average specimen thickness, and epmm is the number of tow ends per mm, and subscripts 0 and 90 refer to the orthogonal directions
The fraction of the interphase material, f i , was determined as follows:
where m f is the mass of the fiber preform before tooling, m i is the mass of the interphase by subtracting the mass of the interphase coated preform from the fiber-only preform mass, and  f and  i are the densities of the fiber (2.71 g/cc for Hi-Nicalon and 3.05 g/cc for Sylramic-iBN) and interphase, respectively. The density of the interphase was assumed to be 1.5 g/cc for BN [14] and C. This value may be in error; however, f i is relatively insensitive to the analysis below. The CVI SiC volume was then determined as follows:
where V spec is the specimen volume,  spec is the specimen density, and  SiC is the density of CVI SiC (3.2 g/cc). The volume fraction of SiC matrix, f SiC , is then simply V SiC /V spec .
Finally, the average total fraction of porosity for each specimen could be estimated from the constituent volume fractions:
The constituent fractions are listed in Table I .
Room temperature tensile testing was performed using a universal-testing machine (Instron 8562, Instron Ltd., Canton, Mass.) and strain was measured with a clipon extensometer (2.5% maximum strain range over a 25.4 mm gage length). For some of the tensile tests, three wide-band acoustic emission (AE) sensors were attached to the specimen, which is described in the companion paper [9] . Specimens were either tested monotonically to failure or were loaded, unloaded, and reloaded at a higher load until failure occurred. The loading rate was 2 kN/min for the thin specimens, 4 kN/min for standard specimens, and 10 kN/min for the thick specimens.
RESULTS
The composites differ considerably in numbers of plies (1 to 36), thickness (0.38 to 10.6 mm), and constituent content (Table I) .
Most notably, f SiC varied by nearly a factor of two and f p varied by nearly a factor of three for the Hi-Nicalon composites.
There was also significant variation in f f and some composites fabricated with a carbon interphase for each fiber-type had significantly higher interphase content than the other specimens (Table I) .
Microstructure
Some of the composite microstructures are shown in Figure 2 for HN composites Figure 2a is the 0 o minicomposite, i.e., the region of fiber, interphase, and CVI SiC matrix oriented in the loading direction, and the 90 o minicomposite, i.e., the region of fiber, interphase, and CVI SiC matrix oriented perpendicular to the loading direction. This will become important later in the analysis.
Also, the effect of fiber-type results in different tow sizes which is a product of the weave, compaction of the ply lay-up by the manufacturer, total fiber count and fiber diameter. The cross-sectional area of fibers in a Hi-Nicalon tow is about 22.5% greater than the Sylramic-iBN tow. Note also that some axially-oriented porosity exists within the tows.
Stress-Strain Behavior and Ultimate Failure
Room-temperature stress-strain curves obtained by tensile loading along the fiber orthogonal directions are shown in Figure 3 for the different composite systems. As expected, the composites with the lowest porosities had relatively high elastic moduli, whereas the specimens with the highest porosities (epoxy-infiltrated and thin panels) had lower elastic moduli. There was also much variation in non-linear stress-strain behavior and ultimate tensile strength which will be discussed and analyzed in the companion paper [9] .
Elastic Modulus and Speed of Sound of Undamaged Composites
The effect of constituent content on elastic modulus was analyzed for a variety of constituents and physical parameters. On an empirical basis, composite modulus proved to exhibit the best correlation with composite density (Figure 4 ). There appears to be two regions, a region of higher density where there is a strong relationship between density and E and a lower density region where there is a mild relationship between density and
E.
The speed of sound of each specimen was used as a check to the measurements of E and   Sound waves were created by pencil lead-breaks or by the matrix microfractures that occur near or in the grips at very low loads [9] . The speed of sound could be determined from the difference in time of arrival of the first peak of the relatively nondispersive extensional wave [15] . Figure 5 shows a plot of speed of sound versus (E/      for a number of monolithic materials and the composites tested in this study Note that under plane strain behavior, it would be proper to compare the measured elastic The total porosity (Table I) 
Where f 0 and f 90 are the volume fractions of 0 o and 90 o oriented minicomposites and can be represented by:
where f inner-por is the total fraction of porosity in the inner region of a minicomposite (~ 0.05) and l 0 is the ratio of fibers oriented in the loading direction:
For a balanced weave, l 0 = 0.5. 
where " inner" refers to the inner region of a minicomposite. The fractions of the inner regions of the minicomposite are simply: (Table II) . There was essentially no difference in tow size of the orthogonal minicomposites for a given balanced panel. There was very little difference in tow dimensions for different panels with balanced architectures and the same fiber types. There were also minor differences measured for the two orthogonal directions in the unbalanced composites. The actual shape of a cross-section of a tow varies between an ellipse and a rectangle. The latter was chosen here to describe the tow cross-section: epcm tows were aligned in the loading direction. E inner90 was found to be 140 + 5 GPa for two specimens.
Next, the inner 90 o elastic modulus can be modeled for the unbalanced Syl-iBN composite oriented with the 5.5 epcm tows in the loading direction. In reference 6, it was assumed that the fibers in the 90 o minicomposite act as pores due to poor load transfer through the weak interface. For the composites of this study, it is evident that the 90 o minicomposites do carry significant loads (Figure 7 ). If there is enough load transfer within the inner region of the 90 o minicomposite, the elastic modulus must be accounted for. However, E i of BN deposited at low temperatures is not well understood. In another study, it was assumed that the elastic modulus of the nanocrystalline randomly oriented BN was 62 GPa [14] . The elastic modulus of low temperature derived BN ranges from 10 to 200 GPa [18] [19] [20] depending on orientation and crystallinity. Since It should also be noted that the stiffness in off-axis directions measured by others [4] and determined by the speed of sound as a function of orientation [22] for panels of similar high density composites show only a slightly lower modulus (~ 5%) than the orthogonal directions. This is presumably due to the fact that this property is dominated by the CVI SiC. Therefore, once E is known in the orthogonal directions, a slight " knock down" modification can be made as a function of orientation.
The demarcation between low and high density that dictated the change in elastic modulus was not determined absolutely in this study. It was found that the stiffness of composites less than ~ 2.0 g/cc was controlled by the 0 o minicomposites whereas composites greater than ~ 2.3 g/cc had significant load-shared by the 90 o minicomposites.
This result points to a lack of interaction between 90 o minicomposites with 0 o minicomposites at the lower densities probably due to low CVI SiC contents. It may also be due in part to large pores acting more in series rather than in parallel when loaded. It is not known whether there is a clear demarcation between these two regions or whether there will be a gradual transition from one to the other.
There was greater variability in the predicted elastic moduli for Hi-Nicalon composites. The largest overestimate of the predicted E c for the high-density Hi-Nicalon composites was never greater than 11% of the measured E c value. The reason for this is unknown. There were differences in interphase compositions; however, the interphase composition did not appear to affect predictability. The degree of bonding between Hi-Nicalon fibers and the interphase may be weaker than that for the Sylramic-iBN. The Hi-Nicalon fiber has a smooth sometimes carbonaceous surface mating the interphase. This may lead to poorer bonding and load-sharing when loaded transversely. The Sylramic-iBN has a rough surface where the outer ~ 100  m of the fiber was converted to a crystalline BN which would be expected to provide better bonding and load transfer. It should be noted that Sylramic-iBN composites fabricated with an already debonded interphase/matrix interface (outside debonding) had a significantly lower E c when compared to composites of the same constituent content that did not show the same degree of processing-induced debonding [23] .
It is evident that significant load is carried by the inner regions of the (Table III) . Note that for the thick interphase composites, HN 8PLY(C) and 7.9 epcm Syl-iBN (C) composite specimens, E inner90 is significantly lower because very little CVI SiC actually penetrates the inner region of the minicomposite. For the HN 8PLY(C) composite, the low modulus for E inner90 still resulted in an overestimate of the measured E c . For that case, E inner90 = 0 was the best predictor. For the 7.9 epcm Syl-iBN (C), the low modulus for E inner90 worked very well in predicting E c .
Finally, with a model for E c , the full linear and non-linear behavior of 2D woven CVI SiC composites can be modeled. It will be shown in the companion paper [9] that the matrix crack density for the high density composite can be simply modeled by the stress in the CVI SiC as determined by local elastic strain which necessitates E c to be known for a given system. It is also believed that this approach serves as a basis for modeling E c in dense melt-infiltrated composites by filling in most of the porosity with Si and SiC. This will be the focus of a future study. 
CONCLUSION

